This notion was supported by our laboratory's previous work in swine that involved single and repetitive episodes of "reversible" regional ischemia. In these studies, a single 10-min transient coronary occlusion resulted in stunned myocardium and regionally increased myocyte apoptosis without necrosis in the area at risk of ischemia (6) . Although the rate of myocyte apoptosis was low, repeated bouts of demand-induced ischemia distal to a chronic coronary stenosis were shown to lead to chronic myocardial stunning that progressed to hibernating myocardium (7) . This progression was accompanied by chronic regional systolic dysfunction, myocyte apoptosis, and substantial regional myocyte loss (8) . Thus, it is plausible that repetitive brief episodes of preload elevation, each eliciting stretch-induced injury throughout the entire LV, could lead to cumulative myocyte loss that results in global systolic dysfunction. Clinically, a similar process may occur in older adults who experience repetitive episodes of increased afterload due to aortic stenosis, labile hypertension (9), or age-related aortic stiffening (10) that intermittently impose high levels of mechanical stress on the heart, Dr. Canty has been a consultant for Lantheus Medical Imaging, Inc. All other authors have reported that they have no relationships relevant to the contents of this paper to disclose.
potentially contributing to adverse LV remodeling and heart failure.
Accordingly, we developed a large animal model of repetitive pressure overload (RPO) to test the hypothesis that repeated short-term elevations in hemodynamic load that stretch the myocardium would elicit chronic stretch-induced stunning with significant cardiomyocyte loss and the development of heart failure with reduced ejection fraction. Our results showed that swine subjected to 2 weeks of RPO exhibited rapid and substantial myocyte loss, yet, in contrast to our hypothesis, LV systolic function was preserved and LV dilatation was absent. Instead, myocardial remodeling characterized by myocyte cellular hypertrophy and interstitial fibrosis produced a marked reduction in LV diastolic compliance. This functions as an adaptive mechanism to protect the heart from subsequent stretch-induced stunning and preserves LV ejection fraction in the absence of overt anatomic LV hypertrophy.
METHODS
All procedures and protocols conformed to institutional guidelines for the care and use of animals in We subsequently infused PE (2 mg/ml infused at After completing the initial study, the jugular vein catheter was connected to an external programmable infusion pump (OrchesTA Model 500, Instech Laboratories, Plymouth Meeting, Pennsylvania) housed in a standard laboratory animal jacket. The infusion pump was manually programmed to infuse PE to produce RPO for 2 h daily (2 mg/ml infused at 9 ml/h for 2 h/day) for 2 weeks. Thus, the duration of each daily PE infusion was 2 h in conscious animals during the RPO period, whereas an infusion period of 1 h was used in anesthetized animals during physiological studies before and after RPO. On day 14, animals were re-anesthetized for repeat MDCT imaging and a final physiological study. Animals were recovered and a repeat blood sample was obtained 24 h later (day 15). A subset of animals were anaesthetized to obtain LV PV relations as previously described (12) and detailed in the following section. After all measurements and blood sampling was completed, animals were deeply anesthetized with isoflurane (5%) and killed via administration of potassium chloride directly into the LV chamber. The heart was rapidly removed and sectioned for post-mortem tissue sampling. CARDIAC MDCT IMAGING. MDCT imaging was performed before initiating PE infusion at the initial study and 2 weeks after RPO to assess LV remodeling.
Under anesthesia (as described previously), the femoral artery and vein were catheterized with introducers (6-F) and the animals were transported to the scanner. Animals were placed in the supine position and scanned on a 64-slice GE Discovery 690
positron-emission tomographic/CT scanner during suspended respiration to minimize movementrelated artifact. After scout acquisition to localize the heart, iohexol (Omnipaque, GE Healthcare;
350 mg iodine/ml; 2 ml/kg) was injected via the 
M y o c y t e n u c l e a r d e n s i t y a n d m o r p h o m e t r y .
Paraffin-embedded myocardial tissue samples were fixed for morphometry as previously described (16) .
PAS-stained sections were used to quantify myocyte diameter by counting at least 100 cells from the inner and outer halves of each tissue section. Myocytes were included regardless of size as long as myofilaments could be identified surrounding the nucleus. Myocyte nuclear density was also assessed in periodic acid-SchiffÀstained sections as previously described (16) . York), and the acceptable type 1 error rate was prospectively set at 5%.
I n t e r s t i t i a l

RESULTS
HEMODYNAMICS AND ECHOCARDIOGRAPHY AFTER
RPO. Hemodynamics and echocardiography before, during, and 1 h after intravenous PE at the initial study and after 2 weeks of RPO are summarized in Tables 1 and 2 Tables 1 and 2 ). Although PE infusion at this time point produced a comparable increase in 
REDUCED MYOCARDIAL COMPLIANCE AFTER RPO.
The small changes in LVEDV, despite a large increase in LVEDP during PE infusion at the 2-week study, indicated that RPO elicited a significant reduction in Abbreviations as in Table 1 .
LV compliance. This was further evaluated before and after PE infusion using admittance catheter-derived PV loops ( Figure 5A ) and 2-point diastolic PV curves to quantify the change in diastolic compliance (i.e., DEDV/DEDP ratio during PE infusion) ( Figure 5B ). This analysis revealed an approximate 65% reduction in the DEDV/DEDP ratio (from 1.7 AE 0.2 to 0.6 AE 0.2 ml/mm Hg; p ¼ 0.0025), which demonstrated a marked reduction in LV diastolic compliance after RPO. We also assessed admittance catheterderived LV PV loops during changes in preload elicited by rapid inferior vena cava occlusion in animals subjected to RPO (n ¼ 5). These also revealed reduced diastolic compliance after RPO as assessed using the EDPVR ( Figure 6A ). The attenuation of LV distension during PE infusion after RPO was associated with a preserved LV ejection fraction and the absence of a significant elevation in serum cardiac troponin I (cTnI) concentrations, indicating that RPO led to an adaptive reduction in LV compliance that protected the heart from stretch-induced stunning and myocyte injury during PE-mediated pressure overload. Values are mean AE SEM.
*p < 0.05 versus baseline. Representative videos of short-axis echocardiograms that illustrate the LV response to PE at the initial study (Supplemental Videos 1A, 1B, 1C) and after 2-weeks of RPO (Supplemental Videos 2A, 2B, 2C) are included in the Supplemental Appendix.
Abbreviations as in Figure 1 .
FIGURE 3 RPO Produces Significant Cardiomyocyte Loss and Compensatory Cellular Hypertrophy of Remaining Myocytes
Examples of periodic acid-SchiffÀstained myocardial tissue sections from a normal control animal (left) and an animal subjected to RPO (right) illustrate the reduction in myocyte nuclear density and increase in myocyte diameter elicited by RPO. Although RPO did not elicit a change in total LV mass, the LV mass/LVEDV was increased compared with normal control animals (n ¼ 20), which was indicative of concentric LV remodeling in the absence of overt anatomic hypertrophy in swine subjected to RPO. Values are mean AE SEM. Abbreviations as in Figure 1 .
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Weil et al. Although we were unable to completely rule out a direct effect of PE on myocardial remodeling in the present study, several lines of evidence argued against this notion. Although alpha-adrenergic receptors are expressed in the swine heart at similar levels to that observed in humans, this level of expression is markedly lower than that of rodents (particularly rats) from which isolated myocytes are often used to study PE-induced cellular hypertrophy (32) . Coronary vascular expression of alphaadrenergic receptors is minimal or absent in swine (33) , and our own data demonstrated that subendocardial perfusion and coronary flow reserve were unaffected by PE infusion at this dose (5), which indicated that PE-mediated coronary vasoconstriction was unlikely to be involved. In addition, a previous study in mice that used a mechanical approach Weil et al.
Protection From Stretch-Induced Stunning Further studies will be required to identify the multiple cellular mechanisms involved in the response and to assess the impact of these changes on diastolic and systolic cardiac function during exercise.
